Abstract. Two-dimensional IR correlation spectroscopy (2D-IR) is a novel method that provides the analysis of infrared spectra with the capacity to differentiate overlapping peaks and to distinguish between in-phase and out-of-phase spectral responses. Artificial spectra originated from protein amide I band component parameters have been used to study their variation in the correlation maps. Using spectra composed of one, two or three Gaussian peaks, behaviour patterns of the bands in the synchronous and asynchronous maps have been originated, with changes in intensity, band position and bandwidth. Intensity changes produce high-intensity spots in the synchronous spectra, whereas only noise is observed in the asynchronous spectra. Band shifting originates more complex patterns. In synchronous spectra, several spots are generated at the beginning and at the end of the shifting band. Also, characteristic asynchronous spectra with butterfly-like shapes are formed showing the trajectory of the shift. Finally, synchronous maps corresponding to band broadening reveal several spots at peak inflection points, related to the zones with higher intensity variation. The asynchronous spectra are very complex but they follow a characteristic symmetric pattern. Furthermore, examples of maps obtained from polypeptides and proteins using temperature as the perturbing factor are interpreted in terms of the patterns obtained from artificial bands.
Introduction
Infrared spectroscopy is a choice method, either as an alternative option or as a complement to the highresolution techniques in protein studies, because of the wealth of information provided and because of the sensitivity of the technique to changes in protein environment. Even if infrared spectroscopy was first applied to proteins as early as in 1952 [14] before any detailed X-ray results were available, its use with proteins in physiological environments has only been possible after the revolution in instrumentation produced by the development of microcomputers that allowed the design of instruments based on the Michelson interferometer and the fast Fourier transform [3] . The increase in signal-to-noise ratio obtained with these instruments allows the subtraction of the aqueous buffer, thus obtaining spectra whose bands contain information on the protein in its native environment, and are free from spectral interference by the solvent. In principle, a structure as large as a protein would give rise to an enormous number of overlapping vibrational modes obscuring the retrievable information, but because of the repeating patterns of the biological molecules, e.g., the secondary structure of the protein backbone, the spectra are much simpler, and useful structural information can be obtained.
Structural analysis usually implies a mathematical approach in order to extract the information contained in the conformationally sensitive composite bands, designated in IR spectroscopy as "amide bands", obtained from peptide bond vibrations. Commonly used methods of analysis imply narrowing the intrinsic bandwidths to visualize the overlapping band components and then decomposing the original band contour into its components by means of an iterative process. The various components are finally assigned to protein or subunit structural features [2] . More recently, a new approach has been introduced by Noda (for a review see [10] ) in the study of vibrational spectroscopy, the so-called generalized 2D-IR correlational spectroscopy. This approach, essentially different from 2D-NMR spectroscopy, uses correlation analysis of the dynamic fluctuations caused by an external perturbation to enhance spectral resolution without assuming any lineshape models for the bands. The technique was intended for the study of polymers and liquid crystals, but it has been recently applied to proteins [5, 7, 11] . In the latter case, the perturbation can be achieved through changes in temperature, pH, ligand concentration, lipid-to-protein ratio, etc. The power of the 2D correlation approach results primarily in an increase of the spectral resolution by dispersal of the peaks along a second dimension that also reveals the timecourse of the events induced by the perturbation [12] . Correlation between bands are found through the so-called synchronous and asynchronous spectra that correspond to the real and imaginary parts of the cross-correlation of spectral intensity at two wavenumbers. In a synchronous 2D map, the peaks located in the diagonal (autopeaks) correspond to changes in intensity induced (in our) case by temperature, and are always positive. The cross-correlation peaks indicate an in-phase relationship between two bands involved. Asynchronous maps show not-in-phase cross-correlation between the bands and this gives an idea of the time-course of the events produced by the perturbation.
In the present work we have used mathematical simulations of spectra composed of one, two or three Gaussian peaks with parameters obtained from protein amide I bands to originate behaviour patterns in the synchronous and asynchronous maps, examining at changes in intensity, band position and bandwidth, and comparing them with maps obtained from real proteins using temperature as the perturbing agent. (1)) to create the corresponding bidimensional spectrum.
Materials and methods
In all simulations each dynamic spectrum consisted of 13 spectra with 130 points equivalent to a nominal resolution of 2 cm −1 . The changes were assumed to be linear. To obtain two-dimensional infrared correlation spectra the approach proposed by Noda [10] has been followed. From the response of the system to the perturbation a dynamic spectrum is obtained. The type of physical information contained in a dynamic spectrum is determined by the perturbation method. Once the dynamic spectrum has been obtained as a matrix formed by the spectra ordered according to the change produced by the perturbation, the Fourier transform gives two components, the real one corresponding to the synchronous spectrum and the imaginary one corresponding to the asynchronous one. In terms of calculation, instead of using Fourier transform that would require large computation times, an adequate numerical evaluation of 2D correlation intensity is used. Thus, the synchronous 2D correlation intensity can be expressed as [5] 
where y j (v i ) is the dynamic spectra calculated from the spectral intensities as a deviation from a reference spectrum at a point of physical variable t j . The computation of asynchronous 2D correlation intensity is somewhat more complicated. We have used two approaches: (i) using the Hilbert transform and (ii) a direct procedure, obtaining similar results (for a detailed discussion on the asynchronous calculation, see [10] ).
Insulin and poly-L-proline were obtained from Sigma (Poole, UK). They were dissolved in 10 mM phosphate buffer, pD 2.0 and measured in a Mattson Galaxy 400 IR spectrometer equipped with a DTGS detector, at a nominal resolution of 4 cm −1 with a level of zero filling. The samples were placed onto a Specac cell equipped with CaF 2 windows and a 50 µm spacer. Samples were heated from 30 to 70 • C and the buffer contribution subtracted. For the correlation studies, the spectra were deconvolved using a FWHH of 18 cm −1 and a k = 2 [3] .
Results and Discussion

Intensity changes
Changes in intensity were observed in spectra composed of one, two or three peaks. The corresponding correlation maps are represented in Fig. 1 . The bottom, middle and top maps correspond respectively to spectra generated from one, two and three peaks. Left-hand traces correspond to synchronous spectra while right-hand traces are from asynchronous spectra. Negative peaks are represented as shaded areas. Asynchronous spectra consist only of noise when only band intensity has been changed. Similar results have been obtained in simulations of 2D electronic correlation spectra [8] or using Lorentzian bandshapes [6] . The lack of bands in the asynchronous spectra is observed in protein thermal denaturation after aggregation has taken place [11] , and this is not a noise-artifact due to the decrease in spectral intensity after aggregation, because artificial spectra are noise-free and yet the asynchronous spectra consists only of low-amplitude noise. Thus the lack of bands is a characteristic of the denatured proteins once bandshift due to aggregation has been completed. On the other hand, considering that synchronous spectra reflect in-phase changes, differences in peak intensity are expected to produce changes. It can be seen that the complexity of the synchronous spectra changes as a function of the number of peaks involved. If only one peak is changing, one autopeak is seen. If two or more peaks are involved, the respective cross-peaks show in which way intensities are changing. If both increase or decrease simultaneously, the cross-peaks are positive, and negative if one peak is increasing and the other one is decreasing.
Band shifting
Changes in band position were analysed in a similar way. Simulated bands were constructed with one, two or three components changing simultaneously, and the synchronous and asynchronous maps are represented in Fig. 2 . In all the synchronous maps, autopeaks are located at the initial and final Fig. 1 . Bidimensional correlation maps corresponding to changes in intensity of a band composed of one peak (bottom), two peaks (middle) or three peaks (top). Synchronous maps are located at the left and asynchronous to the right. The X and Y axis correspond to the number of the point in the artificial curve and the Z axis is the correlational intensity. Roughly they represent a protein amide I band in a D2O buffer. Negative peaks are shaded. positions of the maxima during band shifting. This is the reason why two peaks are observed in the synchronous map corresponding to a change of band position in one peak. Cross-peaks are positioned next to the equivalent autopeaks with a negative intensity since the intensity at a given frequency at the beginning of the shift decreases, whereas intensity at a different frequency will increase after the shift. The characteristic pattern for a band shift is observed in the asynchronous spectra as a butterfly [9] or banana shape, depending on wether we consider the full symmetric map, or only one side of the diagonal. These peaks include the frequencies through which the maximum has moved throughout the band shifting. As in the synchronous spectra, there are also cross-peaks of the opposite sign between the beginning and the end of the "bananas".
Bandwidth
The same approach as in the two previous models was used for band broadening. In this case the pattern obtained is more complex. It has to be taken into account that changes in bandwidth in proteins are not usually a result of a phase transition as in the case of lipids [1] , but they are rather the consequence of changes in conformation and subsequent variation in the area of the band associated to that conformation. Hence, changes in bandwidth can be clearly discerned because a more complicated correlation map is produced, but they are not easily assigned (see below). In the case of the models studied, the resulting synchronous maps (Fig. 3) show patterns with several autopeaks located at the peak inflection points, since these are the frequencies at which greater intensity variations occur throughout the band broadening. These autopeaks are associated with positive cross-peaks because both points are changing their intensity in the same direction. The asynchronous spectrum is much more complicated, showing an increased number of peaks with different sizes and intensities. A similar result was obtained previously in an analysis of the electronic spectrum with the 2D correlation method [8] .
Studies with experimentally-obtained spectra
The maps obtained from spectral simulations can be used to study changes in the spectra of polypeptides and proteins. Even if these structures are more complex and highly variable, they can be related to 2D maps similar to those obtained from simulations and consequently more information can be extracted from the infrared spectra. Homopolypeptides have been used extensively to assign infrared bands to secondary structures [13] because of their ability to adopt regular-canonical secondary structure conformations without tertiary structure. Polyproline is a particular example since its inability to form hydrogen bonds between peptide bonds produces the so-called poly-proline I and II helices. Poly-proline II helix (PPII), is left-handed with dihedral angles closer to β-sheet than to α-helix. Since no tertiary structure is involved, temperature produces a single transition from the PPII helix to unordered conformation without residual structure. Such transition can be easily studied by 2D-IR spectroscopy. The transition in a D 2 O buffer is shown in Fig. 4 . The perturbation produces a decrease in the intensity of the peak at 1623 cm −1 , associated to the PolyProII helix, correlated with an increase in a band at 1642 cm −1 corresponding to unordered structure. Also, a difference in bandwidth between both bands is apparent. In Fig. 5 the 2D-IR maps are shown. The synchronous spectrum displays two autopeaks at 1624 and at 1641 cm −1 and negative cross-peaks corresponding to the interaction between the two bands. The presence of two autopeaks and their corresponding negative cross-peaks is a feature observed when two peaks are changing intensities, one increasing and one decreasing (see Fig. 1(middle) ). Moreover, the asymmetry of the spots is a feature observed whenever two bands change bandwidth (see Fig. 3(middle) ). The asynchronous map Fig. 3 . Bidimensional correlation maps corresponding to changes in width (bandwidth) of a band composed of one peak (bottom), two peaks (middle) or three peaks (top). Synchronous maps are located at the left and asynchronous to the right. Axis are as in Fig. 1 . shows an intense cross-peak between 1642 and 1623 cm −1 . If the process under study consisted only of a change in intensity, this map would show only low-amplitude noise. The existence of a spot in this map means that the assignment of the synchronous map to changes in intensity and bandwidth is correct. This is just a simple example of the possibilities of 2D-IR to indicate complex variations in protein spectra. Insulin is a protein composed of two polypeptide chains A and B, that are linked by disulfide bonds. Upon heating, these bonds are not broken, and extensive heating gives rise to amyloid fibrils [4] . Before fibril formation, an extensive temperature-induced conformation rearrangement takes place in the protein that changes the amide I bandshape. Figure 6 shows the decomposed amide I band of insulin at 30 • C and at 70 • C after conformational rearrangements have taken place. The 2D-IR correlation maps (Fig. 7) are more complex in this protein as compared to the polyaminoacid, due to the existence of tertiary structure and to the presence of disulfide bonds that do not allow the complete unfolding of the protein.
If the synchronous spectrum is considered, two autopeaks at 1627 and 1654 are seen with negative cross-peaks indicating changes in intensity of different sign. The asynchronous map is more complex, the most intense cross-peak appearing at 1654/1627 cm −1 confirming the information obtained from the synchronous map. But in the asynchronous plot, cross-peaks at 1670/1654 and 1670/1627 cm −1 are also present, the former being more intense. Thus, the asynchronous plot is indicating that after the 1654 → 1627 cm −1 conversion, a 1670 → 1654 cm −1 correlation and finally the 1670 → 1627 cm −1 process are taking place. Bandwidth changes in the asynchronous map are represented by spots at the beginning and the end of the broadening (Fig. 3(middle and bottom) ). Consequently, the maps obtained indicate more than one change for the band parameters of insulin.
Conclusions
Two-dimensional infrared correlational maps obtained from artificial bands with known changes in band parameters give rise to characteristic patterns. Biological systems of varied complexity such as polypeptides or proteins give rise to 2D-IR correlational maps that reflect the changes induced by the perturbation and can be interpreted as a composite of the band simulation maps. Thus, not only correlation between bands can be characterized but also variations in band parameters are evident in the 2D-IR correlation maps.
